Binding of Jac repressor to 20 synthetic DNAs of high molecular weight with defined repeating sequences was investigated by competition experiments.
The lac repressor binds tightly and specifically to the lac operator (1) (2) (3) . However, repressor does have measurable affinity for nonoperator DNA that is, DNA not containing the identical sequence of bases of the lac operator (4) . In particular, repressor has a remarkably high affinity for poly-(dA-dT) -poly(dA-dT): O.01 gg/ml of this DNA will bind about 50% of the repressor present at a total concentration of 3 X 10-4 ag/ml (4) . Thus, poly(dA-dT) -poly(dA-dT) provides a base sequence and/or structure recognized -by lac repressor.
We studied other synthetic DNAs of defined sequence to gain additional information about the mechanism of this sequence-specific protein-nucleic acid interaction.
MATERIALS AND METHODS
All synthetic DNAs were prepared and characterized as described (5) (6) (7) and have molecular weights greater than 2 X 106, except for the repeating tetranucleotide DNAs that have molecular weights close to 1 X 10e. Poly(dT-dT-dT-dC) poly(dG-dA-dA-dA) has not been reported, so a nearestneighbor analysis of this polymer is shown in Table 1 . The agreement between the experimental data and expected results is good, but not perfect as found for the other DNAs used herein. Lac repressor and ['2PjXh80Odc DNA (molecular weight = 30 X 106; carrying lac operator) were prepared (3) .
'2P-labeled repressor-operator -complex was measured by filtration through nitrocellulose membranes (3) . The basic experimental procedure is as follows. 10 filters were arranged on a filtration apparatus. Then, 50 ,sl of repressor solution (2.9 femtomol of active repressor) was added to 1. This DNA was prepared by described methods (7) . A mixture of (dT-dT-dT-dC)2 + (dA-dA-dA-dG)3 (8) was used as template (primer) in one set of experiments (a); a mixture of (dT-dTdT-dC), + (dA-dA-dA-dG)4 was the template (primer) in another series of experiments (b); experiment not done with [a-'P] dTTP). Nearest-neighbor analyses were performed (9); more than 10,000 cpm of labeled polymer was degraded'for each determination. Oo= RO/Ot = cpm/cpmm, Because of the extremely limited supply of fully characterized synthetic DNAs of defined repeating sequence, we did not do equilibrium competition experiments. Instead, more sensitive, but somewhat unconventional, rate competion experiments were used. The rate of formation of ['2P]repressoroperator complex can be conveniently and accurately rneasured, and it was found that second-order kinetics are obeyed (10) . Competing DNA that binds repressor and reduces the concentration of free repressor would be expected to decrease the rate of formation of [82Pjrepressor-operator complex. Fig. 1 shows that this is indeed the case. Both poly(dA-dT).
poly(dA-dT) and poly(dT-dT-dG) poly(dC-dA-dA) at 0.12 /Ag/ml greatly decrease the rate at which the complex is formed, whereas poly(dI-dC)-poly(dI-dC) at the same concentration has no effect. Rate competition experiments are about ten 'times more sensitive than equilibrium competition experiments. At these concentrations, poly(dA-dT) * poly-(dA-dT), for example, only slightly affects the equilibrium concentration of the repressor-operator complex (Fig. 1, 10 min point).
For each DNA, it is desirable to make quantitative estimates of KRD, the equilibrium dissociation constant that characterizes binding of nonoperator DNA. Therefore, the appropriate theoretical treatment for rate competition experiments was developed (Lin, and Riggs, unpublished) . We will present a brief outline of the method here.
Because of the low concentrations used, binding of repressor to operator is very slow and takes many seconds.
Therefore, we assume that binding of repressor to competing nonoperator DNA is essentially at equilibrium throughout the rate competition experiment. This being the case, it can be sho*n that the presence of competing nonoperator DNA Fig. 1 were plotted so as to be linear for a second-order reaction (see Results). The symbols are the same as in Fig. 1 . . The base sequence for each DNA is indicated and centered about the KRD for that DNA (e.g., TTG-CAA is an abbreviation of the standard IUPAC nomenclature of poly(dT-dT-dG).poly(dC-dA-dA) for this DNA; KRD is 0.02 pg/ml). Every DNA was tested at least twice, usually at different concentrations. Reproducibility was good; in all cases the range of KRD was less than a factor of two. For the controls, the standard deviation in the slope was ±25% for 34 Exps. The DNAs marked with (*) had no significant effect even at the highest concentration tested, which was 1.2 ,ug/ml for poly(dC) and poly(dT), and 0.47 pg/ml for the repeating tetramer DNAs.
Of the single-stranded DNAs, poly(dC) and poly(dT) do not compete, poly(dI) and poly(dA) compete Poly(dG-dC) * poly(dG-dC) was the poorest competitor (KRD = 4 pg/mJ), whereas poly(dA-dT) -poly(dA-dT) and poly(dT-dT-dG) poly(dC-dA-dA) were the best competitors (KRD = 0.02 ,gg/ml for each).
An unambiguous assessment of the features necessary for the binding of a DNA to the lac repressor is difficult. We have previously established that certain primary nucleotide sequences affect the secondary structure of a DNA (5, 13 ). Since we poorly understand the manner by which this occurs, and since a wide spectrum of binding capabilities was found for the DNAs (Fig. 3) , it is difficult to ascertain precise structural features that are responsible for the binding. Only DNAs rich in (dA + dT) bind well to repressor; however, not all DNAs rich in (dA + dT) are effective competitors. Both poly(dA-dT) -poly(dA-dT) and poly(dA) * poly(dT) have identical base composition, yet the former competes 25 times more effectively than the latter. Poly(dA-dT) -poly(dA-dT) has a fiber diffraction pattern identical to the B form of DNA (14) , but poly(dA) poly(dT) has a somewhat different structure (13) . We previously considered (4) the possibility that in the alternating dA and dT polymer, repressor bound to loops or branches that exist because of the intrastrand complementarity. Our studies render this possibility unlikely since (a) poly(dT-dT-dG) poly(dC-dA-dA), which does not have a self-complementary structure, binds repressor well on a weight basis and (b) poly(dI-dC) poly(dI-dC) and poly(dGdC) poly(dG-dC), which also contain intrastrand complementarity (15), bind quite poorly.
It is not sufficient for binding to repressor that a polymer have properties similar to natural DNA. Poly(dT-dG). poly(dC-dA) has properties quite similar to natural DNA containing 50% (dG+dC); however, it binds repressor 40 times less well than some other DNA polymers.
The four repeating trinucleotide DNAs, all containing 33% (dG + dO), have different capacities to bind repressor, ranging from KRD = 0.02 .g/ml for poly(dT-dT-dG) poly(dC-dAdA) to KRD = 0.5 ,g/ml for poly(dA-dT-dC)poly(dG-dAdT). All four polymers have very similar properties such as melting temperatures, buoyant density values, and circular dichroism spectra (5), yet they show quite different binding abilities. Poly(dT-dT-dG) * poly(dC-dA-dA) binds much better than expected from the results with polymers that have sequences related to DNA; poly(dA) -poly(dT), and poly-(dT-dG) poly(dC-dA), are rather poor binders. That poly-(dA-dT-dC) poly(dG-dA-dT) binds less well than the other three repeating trinucleotide DNAs is expected since studies of actinomycin D binding (12) For poly(dA-dT) -poly(dA-dT) , every base-pair can start a binding site, and thus the effective molar concentration of binding sites for this DNA equals the concentration of base-pairs. From these experiments, and others not shown, we estimate that KRD for poly(dAdT) poly(dA-dT) is 10-30 nM. For poly(dT-dT-dG) poly-(dC-dA-dA), only every third base-pair begins a binding site, so KRD is estimated to be 3-10 nM. In absolute terms, this very tight binding, but under similar conditions the equilibrium dissociation constant for repressor-operator binding is 2-5 X 10-1nM (11) .
Poly(dA-dT) * poly(dA-dT) and poly(dT-dT-dG) * poly(dCdA-dA) do not seem at all related in terms of sequence. However, they may resemble sequences occurring at different regions of the operator. It seems clear that the lac repressor has partial affinity for partially correct sequences. One simple model that would be expected to give this result is that the total DNA binding site of the lac repressor is composed of several subsites or binding elements, each binding for the most part independently to its preferred short sequence of bases. It may be significant that repeating tetramers are not effective binders (Fig. 3) . Poly(dT-dA-dC) -poly(dG-dT-dA) binds repressor with KRD = 0.16 Ag/ml. Addition of one extra thymidine to give poly(dT-dT-dA-dC) . poly(dG-dT-dA-dA) decreases repressor binding more than 10-fold. Perhaps the repeating (dT-dA-dC) sequence is shifted out of phase.
These studies are significant with regard to mechanisms of protein-nucleic acid interactions and to the evolution of operators and regulatory systems. Since partially correct sequences have partial affinity for repressor, pseudo-operator sites must occur with reasonable frequency in natural DNAs, and this suggestion probably explains why repressor does have some affinity for most natural DNAs (4) . By binding repressor, nonoperator DNA can greatly reduce the apparent affinity of repressor for operator; such binding may have important physiologic consequences.
